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ABSTRACT 
We study the 𝐶𝑟!!!𝑅𝑒! phase diagram finding that its phase transition temperature towards 
an antiferromagnetic order 𝑇! follows a quantum 𝑥! − 𝑥 /𝑥! ! law, with 𝜓 = 1/2, from 
the quantum critical point (QCP) at 𝑥! = 0.25 up to 𝑇! ≈ 600𝐾. We compare this system to 
others in order to understand why this elemental material is affected by the QCP up to such 
unusually high temperatures. We determine a general criterion for the crossover, as function 
of an external parameter such as concentration, from the region controlled solely by thermal 
fluctuations to that where quantum effects become observable. The properties of materials 
with low coherence lengths will thus be altered far away from the QCP. 
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  Theoretical studies by Hertz 1 and Millis 2 (HM) have directed research towards 
quantum phase transitions (QCP) 3,4 induced by an external parameter 𝛿, such as doping, 
pressure or magnetic field 5,6. In thermal phase transitions the critical temperature results from 
the competition between an interaction that drives the system to an ordered state and the 
entropy, which increases in the presence of thermal disorder. As QCP occur at zero 
temperature there is no entropy, and it is now the competition among the different terms of 
the Hamiltonian describing the material which gives rise to the QCP. In an itinerant magnetic 
system this competition involves the Coulomb repulsion U between electrons and the 
electronic kinetic energy as expressed by the bandwidth W. An increase of the ratio U/W due 
to pressure or doping can thus set up a magnetic ground state at a QCP. In three dimensions 
this ground state is robust to thermal fluctuations and exists up to a critical temperature, which 
has a power law dependence with the distance to the QCP. QCP's have been studied in heavy 
fermions 7 whose characteristic energies rarely exceed 30K and the present theory has 
successfully interpreted the main experimental results. On the other hand, although 
calculations on ideal systems have predicted observation of quantum critical behavior over an 
extended temperature range 8, experimental evidence is needed to support these theoretical 
predictions. Furthermore, few works have been addressed the passage from classical to 
quantum dominated regions of the phase diagram of elemental materials. 
Chromium presents a spin density wave (SDW) due to the nesting of the hole and 
electron pockets of its Fermi surface that develops at a Néel temperature TN = 312K . Cr 
metal displays two clearly defined regimes on its way to the QCP both as a function of 
pressure P or vanadium doping x (Cr1−xVx ). A classical region at low P or x, where TN  
decreases following an exponential with pressure BCS tuned variation 9 consequence of the 
dependence of TN with the coupling parameter λ  , i.e. TN ~ e−1 λ . A quantum region appears 
 4 
below a crossover value 10,11 of TN  where quantum effects take control through a power law 
behavior with an exponent ψ = ½, the same for P and x .  
 Partial substitution of Cr by Re increases the electron count of the alloy. It first 
enhances the nesting and thus augments TN , then decreases it and at x ~ 0.15  
superconductivity appears 12, coexisting with antiferromagnetism. As metallurgical drawbacks 
cast doubts on these reported results, we have determined a detailed phase diagram with more 
homogenously sputtered samples (Supplemental Material) of  the Cr1−xRex  system. 
The sputtered series of samples was grown using a magnetron sputtering apparatus with 
characteristics similar to those of Ref. 13 , with a base pressure below 5*10−8 Torr. The Cr 
sputtering target was covered with appropriate angular portions of Re 0.2mm foil to the 
desired concentration. The gun was powered with 150 W dc, and  films were 
deposited at rates of 0.5–1.0 Å/ s onto substrates of amorphous SiNx / Si held at room 
temperature. The Ar sputtering gas pressure was approximately 0.75 mTorr.  The Re 
concentration was verified by scanning electron microscope (details in Supplemental 
Material).  
  In bulk samples, it is difficult to avoid concentration gradients because of the high 
liquidus temperature of the alloys (above 2000°C) together to the high vapor pressure of Cr at 
elevated temperatures 14. This metallurgical drawback is amplified at higher Re 
concentrations (approximately ), allowing phase separations, which can explain 
the coexistence of low Re content regions (having a ) with high Re regions 
(superconducting with ) in the bulk samples. The sputtering technique circumvents 
these metallurgical problems by creating a homogeneous plasma with the Cr/Re ratio of the 
target, which is then deposited at room temperature into a film with the corresponding 
homogeneity. The very quick annealing does not affect this initial homogeneity, as confirmed 
Cr1−xRex
0.2 < xRe < 03
TN ≈157K
Tsc ≈ 2.7K
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by our scanning electron microscope photos (Fig. 1 Supp.). 
 The electrical resistivity was measured using a four lead direct current method. 
Depending on the temperature range the contacts were tungsten fingers or platinum leads with 
silver epoxy. Annealing and high temperature electrical resistivity measurements were done 
simultaneously in a home-made optical furnace with four lead tungsten contacts. The samples 
were heated up to 800°C in a ten minutes lapse and measured down to room temperature at 
the same speed. Low temperature measurements were done on 3He and 4He cryostats. 
 On Fig. 1 we show the electrical resistances of the samples as a function of 
temperature. The characteristic anomaly due to the SDW is clearly seen on the resisitivity 
curves. We determine the Néel temperature TN  by the peak of the temperature derivative of 
the resistance as usual (Supplemental material) and show on Fig. 2 the obtained values as a 
function of Re substitution together with other reported values 12,15. Far from the QCP, our 
values agree with precedent reports. Beyond x ≈ 0.2 , we do not confirm a constant value for 
TN . Contrary to previous reports 12,15 (triangles on Fig. 2), we do not observe coexistence 
between magnetism and superconductivity down to 400mK. Above 𝑥 ≈ 0.25  the 
superconducting transition temperature Tsc  increases monotonically. The difference is 
certainly due to the different sample homogeneity (see Supplemental Material). It is clear 
from our results that superconductivity is quenched in the region where Cr is 
antiferromagnetic. Consequently, the observed superconductivity is presumably conventional 
electron-phonon superconductivity due to bcc Re similar to that observed in W/Re and Mo/Re 
alloys 12. The superconducting dome frequent at QCPs 7 is absent.  
 We now search in the phase diagram of Fig. 2 for the classical and the quantum regimes 
obtained for Cr under pressure or V doping. The non-monotonic behavior with doping and the 
incommensurate to commensurate SDW transition 15 at 𝑥 ≈ 0.02 make it difficult to define 
the classical exponential with doping regime at low Re doping. While the quantum regime is 
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clearly visible for doping concentrations above 𝑥 ≈ 0.1  as 𝑇!(𝑥) follows a 𝑥! − 𝑥 /𝑥! ! 
law with 𝜓 = 1/2. Our measurements indicate that the quantum effects expected to be 
important only at low temperatures control the variation of TN  from ~600K down to the QCP. 
We understand this as follows. The finite temperature transition at TN  is a classical critical 
phenomenon that arises in renormalization group (RNG) approach. RNG shows that a finite 
temperature fixed point always governs the critical behavior along the critical line, i.e. 
temperature is a relevant field at the QCP. For chromium and its alloys the same parameters 
govern the phase diagram in the whole pressure range. However, while the BCS exponential 
behavior results from a competition with entropic effects, the power law behavior is a 
consequence of purely quantum effects. Then, as long as TN depends on the distance to the 
QCP its dependence is reflecting the competition between the quantum effects that gave rise 
to the QCP. In this sense the power law behavior of TN with the distance to the QCP is a direct 
evidence of quantum effects up to ~600K. Unfortunately, the study of criticality for other 
physical quantities, Hall effect and increase of the resistance at TN , was impossible due to 
two-band effects and domains, respectively (see Supplemental material). 
 The free energy density including quantum effects within mean field of a magnetic 
system that at 𝑇 = 0𝐾 will develop a QPT at an external parameter 𝛿! is 𝐹 = !!𝛼 𝛿 − 𝛿! 𝑀! + !!𝑢𝑀! + !! 𝜉!"!! ∇𝑀 !                        (1) 
where M is the order parameter, ξcoh  the coherence length, α and u constants. Temperature 
introduces essentially two corrections to the critical external parameter 𝛿!∗ 𝑇 = 𝛿! − 𝑏𝑇! − 𝑢𝑇!/! 
The T2 term arises from an analytic expansion of the free energy in powers of the temperature 
(a short calculation is described in Supplemental material). It is always present16,17 regardless 
the character, fermionic16 or bosonic17, of the critical modes close to the QPT. It is also 
independent of the universality class of the transition, and does not convey any information 
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on the nature of the QPT. The energy/time HM treatment yields the non-analytic term 𝑇!/! 
that is due4 to the quartic interaction (𝑢𝑀!) which is dangerously irrelevant for systems with 
effective dimensions 𝑑 + 𝑧 > 𝑑!"", where 𝑑!"" = 4 for magnetic transitions. Here z is the 
dynamic exponent that takes the value 𝑧 = 2 for a nearly antiferromagnetic metal, and d is the 
dimensionality. The shift exponent that depends on the universality class of the quantum 
phase transition can be expressed in terms of these later quantities as 𝜓 = 𝑑 + 𝑧 − 2 /𝑧. 
Then, for an itinerant system in 3d near an antiferromagnetic QCP we expect 𝜓 = 3/2 so that 
at sufficiently low temperatures it always determines the shape of the critical line. However, 
as !! < 2 , this may occur only at very low temperatures, especially if the quartic interaction u 
is very small. For chromium alloys (and the cases that will be discussed below) the analytic T2 
term seems to be always the dominant one. Furthermore, the range in temperature of the 
validity of this law gives strong evidence that its origin is as discussed above and not from 
unknown fluctuations with dynamic exponent z=1, which in 3d leads to ψ =1/ 2 .	  	   But	  what	  is	  that	  makes	  that	  the	  transition	  towards	  the	  SDW	  in	  Cr1−xRex 	  is	  already	  under	  the	  influence	  of	  the	  QCP	  at	  such	  high	  temperatures?	  The	  answer	  is	  inherent	  in	  the	  third	  term	  of	  eq.	  1	  implying	  that	  systems	  with	  large	  coherence	  lengths	  will	  be	  harder	  to	  deform	  and	  presumably	  less	  sensitive	  to	  quantum	  effects,	  hypothesis	  that	  is	  supported	  by	  the	  following	  facts.	  	  The	  range	  of	  observation	  of	  the	  square	  root	  power	  law	  varies	  from	  TN ~ 60K 	  for	  pure	  chromium	  to	  TN ~ 600K 	  for	  Cr1−xRex 	  alloys,	  suggesting	  that	  an	  increase	  of	  disorder	  causes	  the	  observation	  of	  quantum	  effects	  at	  higher	  temperatures.	  There are at least two 
other compounds that show a behavior with pressure similar to that of Cr metal. The one 
dimensional transition metal trichalcogenide NbSe3 , a well-studied charge density wave 
(CDW) compound 18,19,20 and β − Na0.33V2O5 , a material with a charge order (CO) 21. As 
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shown on the left panel of Fig. 3 at low pressures these compounds follow the classical 
exponential with pressure dependence. At a certain, different for each material, value of the 
transition temperature, TCDW ~ 90K  for NbSe3 , TCO ~ 30K  for β − Na0.33V2O5 , and TN ~ 60K
for Cr, the  quantum regime sets in. 
 The above described conventional behavior contrasts with the one shown by the four 
materials on the right panel of Fig. 3. Layered 1T −TiSe2  develops a charge density wave 
thought to be the result of a transition towards an excitonic insulator at 200K at ambient 
pressure 22. One dimensional o −TaS3  develops a CDW at 215K at ambient pressure 23 and 
the layered high temperature superconducting pnictide BaFe2As2  an antiferromagnetic 
ordering at 135K at ambient pressure 24. All three follow the Pc − P( ) / Pc⎡⎣ ⎤⎦
0.5
 law in the entire 
pressure phase diagram, as does Cr1−xRex  as a function of concentration.  
 The simplest quantity that sorts the materials into the corresponding class, is the 
measured zero temperature coherence length at ambient pressure or zero concentration ξmeas , 
either experimentally obtained or estimated from domain size (Table I). In NbSe3 , both from 
X-rays measurements 25 or non-linear conductance 26 (that yield the depinning domains), at 
low temperatures the correlation length has a very large size, ~10000Å . While a lower limit 
27 for domains in β − Na0.33V2O5  is 1000Å. Whereas the correlation length 28 as measured by 
X-rays diffraction at 5K in Cr is well over 2000Å. In contrast to NbSe3  for o −TaS3  the 
correlation length can be roughly estimated from X-rays measurements 29 at about 500Å. 
Different chirality 30 renders domains of~100Å in 1T −TiSe2 , while the measured magnetic 
correlation length 31 of BaFe2As2  at 3K is ~350Å. Finally, a crude lower estimate for 
Cr1−xRex  in our measurement range can be given by the distance between Re atoms, ~15Å, as 
we are in the dirty limit the domain coherence length will certainly be limited by the 
impurities (Re atoms) in this case.  
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 The compounds on the left panel of Fig. 3 have all ξmeas > 500Å  while the materials on 
the right panel have all ξmeas < 500Å . Consequently, quantum effects dominate the entire 
phase diagram of materials with small correlation lengths, either intrinsic or impurity 
controlled. This argument can be quantified further through a simple calculation, showed 
graphically on Fig. 4. 
 There are two regimes: classical and quantum, and we want to determine when the 
system crossovers from one to the other. For the classical regime the transition temperature is, 
according to BCS, Tcclass = ω0e−1/λ , where ω0 is a characteristic energy and λ the coupling 
parameter. The BCS coherence length isξcoh = vF / Δ , where vF is the velocity at the Fermi 
level and Δ  the BCS gap, proportional to Tcclass . For the quantum regime the transition 
temperature is given by Tcquan = Tc0
quan δc −δ( ) δc⎡⎣ ⎤⎦
1 2
, while the quantum correlation length is 
𝜉! = 𝜉! 𝛿! − 𝛿 /𝛿! !!/!. The system changes regime when Tcquan = Tcclass , thus the crossover 
occurs when the ratio ξcoh /ξq =κ  , a constant particular to the system. Hence, materials 
with a small coherence length will be more affected by quantum fluctuations. 
 In conclusion, we have measured that in the 𝐶𝑟!!!𝑅𝑒! system is by the QCP up to 
temperatures ~600K. In terms of scaled temperatures, studies in heavy-fermion quantum 
criticality have shown that the quantum critical regime covers an entropy of about 50% of 
Rln2. On the other hand, the predictions for complex cuprates may also scan high 
temperatures8. However, the fact that quantum effects take place already at such high actual, 
not scaled, temperatures in elemental, and non complex, chromium is remarkable and 
unexpected. Finally, we have found that the QCP can determine the state of the system for 
materials with small intrinsic coherence lengths far away from it, not only in the δ coordinate, 
but also in temperature T.  
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Figure 1 Electrical resistance for samples with different Re content. Left panel: high 
temperature behaviour of the low concentration region (with residual resistivity subtracted). 
The Néel temperature is defined by the steepest increment of the curves, as obtained from 
their derivative. Right panel: Low temperature, high concentration region, showing the 
superconducting transitions. The superconducting transition temperature is taken at the onset 
of the transition. 
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Figure 2 Lower panel :Phase diagram of Cr1−xRex as a function of Re content.  Previous 
determinations of TN  are from Ref. 15 (mauve circles) compared to our data (red triangles). 
The previously reported superconducting transition temperatures 12 are shown (light blue 
squares) together with our data (blue inverted triangles). It is clear from the data of our more 
homogenous samples that superconductivity does not coexist with antiferromagnetism, 
precluding a non-conventional superconductor. We also observe that the decrease of TN 
follows the power law 718 0.248− x( ) / 0.248⎡⎣ ⎤⎦
0.5
 from ~600K down to the quantum critical 
point. Upper Panel: For illustration purposes we show the Fermi surfaces of Cr-Re alloy at 
x=0, 0.1, 0.2 and 0.3 showing the nesting wavevector that changes form incommensurate (0) 
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to commensurate (0.1;0.2) and then back to incommensurate (0.3) (details of the calculation 
in Supp. Mat.). 
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Figure 3 Left panel: Evolution of the ordering transition temperatures for different materials 
showing an exponential decrease with pressure of the ordering temperature at low pressures 
(black lines), followed at high pressures by the Pc − P( ) / Pc⎡⎣ ⎤⎦
0.5
 law (blue lines). 
β − Na0.33V2O5  (light green circles) 21; NbSe3  (light brown squares) 19; Cr (green diamonds) 9. 
Right panel: Materials that show the δc −δ( ) /δc⎡⎣ ⎤⎦
0.5
 (δ is either pressure or concentration) 
law in all the measured range. Insert: Log-Log plot to obtain the power of the δc −δ( ) /δc⎡⎣ ⎤⎦
ψ
, 
the slopes of the blue lines give a value of ψ of 0.50, 0.49, 0.49 and 0.50 for o −TaS3  (orange 
diamonds) 23, 1T −TiSe2  (red circles) 22, BaFe2As2  (mauve squares) 24 and Cr1−xRex  (light 
green triangles), respectively. This type of fit yields a very reliable value of the exponent. The 
values shown for the measured correlation lengths are described in Supplemental material. 
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Figure 4 Schematic phase diagram showing the behavior of a typical ordering transition as a 
function of an external parameter δ . The crossover from BCS exponential to the quantum 
power law regime is governed by a crossover ratio κ  (unity in the figure) of the zero 
temperature intrinsic correlation length ξcoh (0,δ ) to the quantum correlation length ξq 0,δ( ) . 
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Table 1 
Compounds Coherence Lengthξm 0,0( )Å Method Ref. 
Cr  2000 X-ray diffraction 28 
NbSe3  10000 X-ray diffraction 25 
β − Na0.33V2O5  1000 X-ray diffraction 27 
o −TaS3  500 X-ray diffraction 29 
1T −TiSe2  100 STM 30 
BaFe2As2  350 Neutron diffraction 31 
Cr1−xRex  15 Estimated impurity  
 
  
 17 
References 
                                                
1 .  J.A. Hertz Phys. Rev. B14,1165(1976) 
2 .  A. J. Millis Phys. Rev. B48,7183(1993) 
3. S. Sachdev Quantum Phase Transitions, Cambridge University Press, Cambridge(1999) 
4 . M.A. Continentino Quantum scaling in many-body physics, World Scientific, 
Singapore(2001)  
5 . S.L. Sondhi, S.M. Girvin, J.P. Carini and D.Shahar, Rev. Mod. Phys. 69,315 (1997) 
6 . M. Vojta, Rep. Prog. Phys. 66,2069(2003) 
7  H. von Löhneysen, A. Rosch, M. Vojta  and P.Wölfle, Rev. Mod. Phys. 79, 1015(2007) 
8 . A. Kopp and S.  Chakravarty , Nature Phys. 1, 53(2005) 
9 . R. Jaramillo  et al.,  Nature 459,405 (2009) 
10. R. Jaramillo, Y. Feng, J. Wang, and T.F. Rosenbaum,  PNAS 107,13631 (2010) 
11. Y. Feng et al., Phys. Rev. Lett. 99, 137201(2007) 
12.  Y. Nishikara , Y. Yamaguchi, T. Kohara and  M. Tokomuko, Phys. Rev. B31,5775 (1985) 
13 . Z. Boekelheide, D.W. Cooke, E. Helgren, and F. Hellman, Phys. Rev. B80 , 
134426(2009) 
14 . J. Muheim and J. Müller, J. Phys. Kondens. Materie, 2 ,377(1964) 
15 .  E. Fawcett et al., Rev. Mod. Phys. 66, 25 (1994) 
16 . T. Moriya ,"Spin Fluctuations in Itinerant Electron Magnetism", Springer Verlag 
(Berlin), (1985) 
17. A.  Cano. and A.P. Levanyuk, , J. Supercon. Novel Mag. 19,417(2006) 
18. M. Ido, Y. Okayama, T. Ijiri and Y. Okajima, J. Phys. Soc. Jpn. 59,1341 (1990) 
19. M. Núñez-Regueiro , J-M.Mignot and D. Castello, Europhys. Lett. 18 , 53(1992) 
20. S. Yasuzuka, K. Murata, T. Fujimoto, M. Shimotori and K. Yamaya, J. Phys. Soc. Jpn. 74 
, 1782 (2005) 
21 . T. Yamauchi and Y. Ueda , Phys. Rev. B77,104529 (2008) 
22.  A.F. Kusmartseva, B. Sipos ,H. Berger,L. Forró and E. Tutis, Phys. Rev. Lett. 103 , 
236401 (2009) 
23. M. Monteverde, J. Lorenzana, P. Monceau and M. Núñez-Regueiro, Phys. Rev. 
B88,R180504(2013) 
24.  T. Yamazaki et al., Phys. Rev. B81 ,224511(2010) 
25 .D.  DiCarlo, R.E. Thorne, E. Sweetland,M. Sutton, and J.D. Brock Phys. Rev. B50 , 
8288(1994) 
26. J.  McCarten, D.A. DiCarlo, M.P. Maher, T.L.Adelman and R.E. Thorne, Phys. Rev. B46 , 
4456(1992) 
27. S. Sirbu, T.Yamauchi, Y. Ueda and P.H.M. van Loosdrecht, Eur. Phys. J. B53 , 
289(2006) 
28. R. Jaramillo, Y. Feng and T.F., J. Appl. Phys. 107 , 09E116(2010) 
29. K. Inagaki et al., J. Phys. Soc. Japan 77 , 093708 (2008) 
30.J.  Ishioka et al., Phys. Rev. Lett. 105 ,176401(2010) 
31. S. D. Wilson et al., Phys. Rev. B79 , 184519(2009) 
